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FOREWORD 


This  repo-rt  was  prepared  by  the  Westlnghouse  Electric  Corporation,  Astro- 
nucleetr  Laboratory,  Pittsburgh,  Pennsjlvania,  under  U.S.A.F.  Contract  F33615- 
71-C-II63.  The  contract  wsis  initiated  vinder  Project  No.  7351,  "Metallic 
Materials",  Task  No.  735108,  "Processing  of  Jfetals",  and  administered  under  the 
direction  of  the  Air  Force  Materials  Laboratory,  Wright-Patterson  Air  Force 
Base,  Ohio  with  Mr,  Vincent  De  Pierre  as  Air  Force  Project  Engineer. 

The  reseeirch  work  was  conducted  by  Mr.  Fred  Gumey  and  Dr.  Alan  T.  Mede  of 
Westingliouse  Electric  Corporation  and  Mr.  Vincent  De  Pierre  of  the  Air  Force 
Materials  Laboratory. 

This  report  co-vers  work  performed  from  1  January  1971  to  30  November  1971 
and  was  releeised  by  the  authors  on  10  January  1972  for  publication  as  a  Techni¬ 
cal  Report. 


The  authors  gratefully  acknowledge  the  assistance  of  Mr.  T.  S.  Rowland  su:d 
Miss  Shirley  Johnson  of  the  Digital  Computation  Division,  Deputy  for  Engineer¬ 
ing,  Aeronautical  Systems  Division,  Wright-Patterson  Air  Force  Base,  Ohio  in 
the  execution  of  the  computer  program. 


ABSiTRACT 


An  avedlable  matheinat-ieal  solution  of  ring  compression  with  bulge  forma¬ 
tion  was  utilized  to  calibrate  ring  test  specimens  on  the  be^is  of  constant 
interface  friction  factor,  n.  Calibration  ^urves  for  the  6:3:2  (Outside 
Diameter:  inside  Diameter:  Thickness)  and  other  ring  geometries  were  obtained 
by  mathematical  ccmtputation  and  a  method  was  established  for  calibrating  all 
ring  geometries  with  bulge  formation.  Calculated  calibration  curves  of  the 
6:3:2  ring  showed  very  good  correlation  with  experimentally  determined  irt<tr- 
face  friction  factors,  m. 

Ihe  investigation  deisonstrated  that  a  valid  mathematical  solution  of  ring 
cosqpression  can  be  utilized  for  more  accurate  and  let  J  laborioxis  <.alibration 
than  experimental  calibration  of  ring  test  specimens. 
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MAIHEMATICAL  CALIBRATION  OF  THE  riNG  TEST 
WITH  BULGE  FORMATION 


I  IlfTRODUCTION 


The  first  quantitative  calihration  of  the  ring  test  for  friction  studies 
in  metalworking  operations  was  meide  experimentally  "by  Male  and  Cockcroft  on 
the  atssiimption  of  constant  coefficient  of  friction  (y)  for  a  ring  geometry  of 
6:3:2  (outside  diameter:  inside  diameter:  thickness)  dimensions.  Subsequent 
mathematical  anelyses^”^  provided  a  possible  means  for  more  accurate  calibra¬ 
tion  of  the  6:3:2  and  other  ring  geometries  for  friction  evaluation.  The  an¬ 
alyses  by  Avitzur^  and  by  Hawkyard  and  Johnson**  were  based  on  the  assumption  of 
a  constant  interface  friction  factor  (m);  the  analysis  by  Burgdorf^  was  based 
on  the  assunqption  of  constant  coefficient  of  friction  (u).  However  these  an- 
euLyses^"^  asstoae  that  there  is  no  nonuniform  distortion  of  cylindricsG.  ele¬ 
ments  in  the  ring  due  to  frictional  constraints,  i.e.  no  bulging  or  barrelling?. 
Considerable  barrelling  after  compression  was  observed  by  Male  and  De  Pierre®  On 
specimens  of  most  ring  geometries,  especially  with  high  interface  friction  con-' 
ditions.  As  a  result  of  barrelling  during  ring  compression  tests,  Male  and 
Da  Pierre showed  a  general  lack  of  correlation  between  theoretical  and  experi¬ 
mental  calibration  curves  rnider  these  conditions.  Their  investigation  showed 
the  mathematical  solution  for  the  compression  of  a  flat  ring  made  by  Avitzur® 
can  be  applied  to  obtain  realistic  values  of  the  interface  friction  factor  (m) 
by  the  analyses  of  experimentally  determined  shape  changes,  provided  that  the 
initial  ring  is  small  in  thickness  when  compared  with  the  internal  and  external 
diameters.  An  initieil  ring  geometry  (outside  diameter:  inside  diameter;  thicKs 
ness)  of  6:3. 0:5  was  found  to  be  adequate  for  this  purpose.  It  thus  appears 
that  the  theoretical  assumptions  made  in  the  above  analyses^”®  are  not  justifi^cJ 
experimentally  over  eill  conditions  of  interfacial  friction  until  the  initial 
specimen  geometry  approaches  6:3. 0:5.  Under  conditions  of  low  interface  fric¬ 
tion,  the  theoretical  assumptions  are  met  when  using  an  initial  geometry  of 
6:3:1.  Experimentally,  neither  of  these  geometries  is  particularly  satisfactory 
with  which  to  work,  especially  at  high  temperatures,  principally  because  the 
l6irge  ratio  of  surface  area  contacting  the  dies  to  the  workpiece  thickness 
a  quenching  effect,  and  also  because  relatively  hi^  loads  are  necessary  to 
affect  a  particular  increment  of  deformation. 

In  terms  of  general  sensitivity  of  measurement  and  ease  of  experimentation* 
the  ring  geometry  6:3:2  has  much  to  commend  it.  This  was  the  initial  geometry 
used  by  Male  and  Cockcroft and  seems  to  have  been  adopted  as  an  unofficial 
standeird  geometry  for  friction  studies.  Therefore  a  method  for  mathematical 
ceQ.ibration  of  this  6:3:2  ring  geometry  would  provide  an  accurate  means  for 
calibrating  this  standard  and  other  ring  geometries.  Other  attempts^"®  have 
been  made  to  calibrate  mathematically  the  6:3:2  geometry  but  these  are  not  con¬ 
sidered  satisfactory.  Tliis  paper  de.scribes  a  mathematical  method  for  calibra*' 
tion  of  ring  geometries  with  bulge  or  barreD-iing  and  the  correlation  of  matb®n0^ 
tical  calibration  with  experimental  test  resvilts. 
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II  THEOPY 


Both  the  coefficient  of  friction  and  interface  friction  factor  have  "been 
used  for  evaluation  of  friction  conditions  in  metalworking  operations.  The 
relative  vedidity  of  the  two  concepts  for  use  in  meted  deformation  studies  was 
investigated®  hy  using  ring  test  specimens  of  6:3:0. 5  and  6:3:1  (Outside  Dia¬ 
meter:  Inside  Diameter:  Height)  geometries.  It  was  proven  that  the  use  of  the 
concept  of  interface  friction  factor  as  a  quantitative  index  for  defining  fric¬ 
tion  stresses  in  upset  forging  operations  is  more  realistic  than  use  of  the 
concept  of  coefficient  of  friction.  Therefore  analyses  of  ring  compression 
tests  should  employ  the  concept  of  interface  friction  factor  for  the  most 
accurate  quantitative  evaluation  of  friction. 

The  first  satisfactory  anedysin  of  the  compression  of  a  flat  ring  with 
bulge  formation  was  made  by  Avitzur^®  through  an  optimum  upper  bound  mathema¬ 
tical  solution.  The  solution  was  based  on  the  following  assumptions: 

(a)  the  ring  material  obeys  von  Mises'  stress-strain  rate  laws,  iiiq)lying 
no  strain  hardening  effects,  no  elastic  deformation  and  no  voltunetric 
chainee . 

(b)  a  constant  friction  factor,  m,  for  a  given  die  and  material  under 
constant  surface  and  temperatiure  conditions  such  that  the  interface 
shear  stress,  y»  is  given  by: 


(1) 


where  cr^  =  beusic  yield  stress  of  the  ring  material. 

(c)  the  velocity  field  for  ring  compression  is  expressed  by  the  following 
equations : 


(2) 
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where  6,  R  and  y  are  coordinates  of  a  cylintoiceLl  coordinate  system,  %  is  the 
radial  velocity,  U,  is  the  axial  velocity,  Ue  is  the  circiimferential  velocity, 

U  is  the  velocity  of  bhe  moving  platen,  R^  is  the  neutral  radius,  T  is  the  ring 
thickness  and  b  is  a  parameter  determining  the  aaoimt  of  biilge. 

Avitzur's  solution'*^  is  accurate  only  on  the  rate  of  formation  of  the 
bulge  when  a  bulge  still  does  not  exist.  Therefore,  for  this  investigation,  it 
was  also  assumed  that  the  existing  bulge  in  a  ring  wovild  not  influence  the 
velocity  field  in  the  other  paurts  of  the  ring  and  the  shapes  of  the  bulges  were 
parabolas.  Then  only  the  non-bulged  portion  of  the  ring  was  considered  in  the 
following  fashion  xor  smeQI  increments  of  compression  (Ijt  or  less); 

(1)  Equation  2  W£is  converted  to 

=  ^  [l-g 

Where  AR  and  AT  are  smeill  increments  of  R  and  T  respectively 

(2)  Constant  R  weis  eissumed  for  the  smedl  deformation. 

n 

(3)  Contact  radii  were  assxjmed  to  change  in  accordance  with  Equation  5. 

From  constant  volme  assumptions,  the  bulges  were  then  calculated.  A 
conqjuter  program,  detedled  in  Appendix  A,  could  be  utilized  for  calculating 
dimensional  changes  in  ring  geometry  for  constant  values  of  the  interface 
friction  factors. 
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Ill  BROCEKgtE 


1.  MA'^IiE^!A^IICAI  CALIBRATION 

Calibration  curves  relating  the  maximum  change  in  internal  diameter  of  the 
ring,  expressed  eis  a  percentage  of  the  original  diameter,  to  the  percent  reduc¬ 
tion  in  thickness  on  deformation  for  various  values  of  the  interfere  friction 
factor  (m)  were  obtained  for  ring  test  specimens  having  the  following  starting 
geometries : 

D  T 

o  1 

6  U.O  2 

6  3.2  2 

6  3.0  2 

6  2. it  2 

6  1.6  2 

6  3.0  1 

Mathematical  solution  of  the  relevant  equations  for  this  calibration  was 
performed  by  writing  the  program  outlined  in  the  Appendix  in  Fortran  IV  and 
using  a  Control  Data  Corporation  6600  Digital  Con5)Uter  to  perform  the  calcxxla- 
tions . 

2.  COMPABISON  WITH  CALIBRATION  CURVES  FROM  MATHEMATICAL  ANALYSES  WITH  NO  BULGE 
CONSIDERATION. 

The  calibration  curves  computed  with  bulge  formation  in  this  investigation 
were  compared  with  the  calibration  curves  with  no  bulge  formation  for  the  same 
ring  geometries  reported  in  Reference  9. 

3.  CORRELATION  WITH  EXPERIMENTAL  RESULTS 

Both  published^ ^  and  unpublished^  experimental  resiilts  obtained  by  Male 
on  rings  of  various  geometries  were  used  for  comparison  with  the  calibration 
curves  obtained  from  the  mathematical  computations  for  rings  without  bulges® 
and  rings  with  bulge  formation  in  this  paper. 


IV  RESULTS 

1.  MATHEMATICAL  CALIBRATION 


For  each  of  the  five  different  starting  ring  geometries,  the  computer 
solution  provided  values  for  the  internal  and  external  radii  at  the  contact 
surfaces  and  Bulged  surfaces  and  the  neutral  radii  at  each  increment  of  deform¬ 
ation.  The  veilues  are  defined  in  Figure  1,  where  Ai  is  the  bulged  internal 
radius,  Bj  is  the  contact  internal  radius,  Aq  is  the  bulged  extemeil  radius, 

Bjj  is  the  contact  external  radius  6ind  Rn  the  neutral  radi\AS.  The  changes 
in  internal  diameters  (Ai  and  B-]_)  for  each  increment  of  deformation  at  set 
veG-ues  of  the  interfacial  friction  factor,  m,'  were  also  determined  by  t’  com¬ 
puter.  These  values  are  available  sep^ately  in  the  U.S.  Air  Force  Materials 
Laboratory  and  are  therefore  not  presented  here  in  detail  with  the  exception 
of  the  curves  given  in  Figure  2  for  the  standard  initial  geometri'  of  6i3:2. 

The  shape  of  this  family  of  curves  is  typical  of  the  curves  determined  for  other 
ring  geometries.  For  these  other  geometries,  only  the  relevant  theoretical 
curves  sure  given  in  particular  figures  for  comparison  with  the  experimental 
results . 

2.  COMPARISON  WITH  CALIBRATION  CURVES  FROM  MATHEMATICAL  ANALYSES  WITH  NO  BULGE 
FORMATION 


For  6:3:2  ring  geometries,  excellent  correlation  was  shown  between  the 
shapes  of  the  calibration  curves  with  and  without  bulge  formation.  Up  to  m 
values  equal  to  0.30,  practically  identical  quantitative  values  were  noted  for 
rings  with  and  without  bulge.  Over  m  values  of  0.30,  the  curves  for  rings 
with  bulge  were  increasingly  higher  than  the  curves  for  rings  with  no  bulge; 
the  difference  increased  with  increase  in  values  of  the  interface  friction 
factor. 

For  mathematical  solutions  with  no  bulge  formation,  the  calibration 
curves  for  rings  of  different  heights  but  same  ratio  could  be  adjusted 

simply  by  multiplying  the  values  of  the  interface  friction  by  the  ratio  of  the 
heights  to  obtain  the  new  m  value.  For  mathematical  solutions  with  bulge  for¬ 
mation,  the  calibration  curves  of  different  heights  but  same  Uq'^I  could  only 
be  adjusted  in  this  manner  for  values  of  interface  friction  factor  below  =0.3. 
For  greater  values,  the  calibration  curves  for  rings  of  the  same  Do:Di  but 
different  heijjhts  could  not  be  adjusted  in  this  manner. 

3.  CORRELATION  OF  MATHEMATICAL  CALIBRATION  WITH  EXPERIMENTAL  RESULTS 

3(a)  Maximim  or  Sticking  Friction  (m  =  l)  for  Standard  Ring  (6:3:2) 

In  the  early  experimental  calibration  studies conditions  which  gave 
sticking  friction  were  identified  by  looking  for  the  presence  or  absence  of 
minute  scratches  on  the  specimen  surface  which  has  bean  in  contact  with  the 
die.  Male  and  Cockcroft  standard  geometry  ring  specimens  of  aluminum  deformed 
at  600°C  were  completely  devoid  of  these  scratches  on  either  the  original 
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surface  or  new  surface  created  ty  the  deformation,  thus  showing  that  the  fric¬ 
tion  must  have  been  high  (m  ^l.O)  so  that  at  no  stage  was  there  any  relative 
movement  of  the  alianintm/die  interface.  Surfeuie  scratches  were  observed  on  sdl 
specimens  deformed  at  temperatures  below  600®C. 

The  experimental  values  obtained  for  al\5minum  rings  deformed  at  60C®C  for 
this  sticking  friction  condition  are  compared  with  a  mathematical  derived 
curve  for  maximum  friction  (m  =  l)  in  Figure  3.  The  following  additional 
metals  were  compressed  without  lubricant  at  the  elevated  ten^eratures  indicated 
and  the  restilts  correlate  well  the  results  obtained  on  aluminum:  copper  at 
1*00°C,  magnesium  at  U00®C,  titanium  at  500®C,  mild  steel  at  750®C,  and  zinc  at 
350°C.  It  can  be  seen  that  the  experimentally  derived  curve  for  maximum  fric¬ 
tion  is  somewhat  hi^er  than  the  theoretical  maximum  curve  for  computations 
without  bulge  but  correlates  very  well  with  the  maximum  curve  (m  =  l)  for 
computations  with  bulge  consideration. 


Experimentally,  conditions  approaching  zero  friction  have  been  achieved  in 
the  following  manner^.  Wax  ring  specimens  of  the  stsmdord  geometry  were  warmed 
to  within  2®C  of  the  melting  point  and  were  compressed  between  polished  steel 
dies  which  were  a  few  degrees  hotter.  Melting  of  an  extremely  thin  siirface 
layer  of  the  wax  specimens  provided  aOmost  perfect  interfacial  lubrication. 

The  calculated  ciarve  for  zero  friction  (m  =  O)  and  some  of  these  experimentsGL 
results  are  also  given  in  Figure  3.  These  results  indicate  that  perfectly 
frictionless  conditions  were  not  achieved  with  this  technique,  but  that  variable 
friction  conditions  (m  =  0.02  to  m  =  0.l4)  were  experienced  during  testing.  The 
theoretical  curve  tended  to  form  a  lower  envelope  for  the  experimental  results, 

3(c)  Other  Friction  Values  for  Standard  Rings  (6:3:2) 

The  earlier  experimental  calibration  of  the  ring  test^~^  at  intermediate 
friction  levels  involved  the  deteimination  of  the  loads  necessary  to  deform 
solid  disk  specimens  (0.5  in.  dia.  x  0.1  in.  thick)  by  various  amounts.  These 
results  were  taken  and  values  of  the  interface  friction  factor,  m,  were  calcu¬ 
lated  using  the  analysis  oi  Avitzur^.  Yield  stress  values  required  for  this 
analyses  were  obteiined  using  the  Polakowski  technique ^ 2  compressing  teiLl 

cylindrical  specimens  (height /diameter  =  2),  relubrioating  frequently  during 
testing  euid  remachining  at  interveuLs  to  remove  any  trace  of  bairrelling.  VeQ.ues 
obtained  in  this  way  are  shown  in  Figure  4. 

Standard  geometry  ring  test  specimens  were  machined  from  the  same  materials 
used  for  the  solid  disks  and  were  deformed  \inder  identical  conditions.  Data  for 
the  percentage  cheinge  in  interneO.  diameter  as  a  functiun  of  The  amount  of  defor¬ 
mation  in  these  tests  are  given  in  Figure  5  together  with  the  most  appropriate 
theoretical  curves  calculated  with  bulge  formation  considerations.  The  m 
values  given  by  these  curves  are  compared  with  the  m  values  obtained  from  the 
solid  disk  tests  (Figure  4)  in  Figure  6.  This  compari.son  shows  very  good 
correlation  between  the  m  values  except  for  the  following  discrepancies  between 
theoretical  and  experimental  values. 
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‘  values 


Theoreticsil  (Rings) 


Experimental  (Disks) 


o  Breiss  Lubricated  with  Graphite  .27  „  .39 


.16 


a  Brass  Lubricated  with  Lanolin  .lU 

> 


.07 


3(d)  Nonstandard  Geometry  Ring  Tests 

Ripg  specimens  having  the  same  height  (0.250  in.)  and  external  diameter 
(0.750  in.)  but  of  different  internal  diameters  were  machined  from  a  single  bar 
of  commercially  pure  aluminum  and  annealed  in  vacuum  for  one  hour  at  ^50°C, 
followed  by  furnace  cooling.  The  specimen  geometries  used  were  eis  follows: 


Internal  Diameter  (in.)  Geometry  Ratio  (OP; ID: Height) 


0.500 

6.1»;2 

o.Uoo 

6:3. 2:2 

0.300 

6:2.1t:2 

0.200 

6:1, 6:2 

A  aeries  of  rings  of  each  geometry  were  then  deformed  over  a  range  of 
deformation  between  the  same  pair  of  flat  dies  at  a  press  speed  of  2  in. /sec, 
under  the  following  frictional  conditions;- 

(a)  20®C  No  lubricant 

(b)  600°C  No  lubricant 

(r)  20®C  Lanolin  lubrication 

The  subsequent  changes  in  shape  on  deformation  were  measured  and  the  percentage 
changes  in  internal  diameter  as  a  function  of  amount  of  deformation  are  shown 
in  Figures  7  to  10.  Superimposed  on  these  experimenteLl  results  are  the  appro¬ 
priate  theoretical  curves  for  the  various  initial  specimen  geometries.  Summa- 
rlzingthese  results,  for  the  same  test  material  and  conditions,  with  different 
initial  specimen  geometry,  the  following  interfacieG.  friction  factors  were 
obtEdned: 

Interface  Friction  Factor  (m) 

Ring  20®C  600°C  20®C 

Geometry  No  Lubricsmt  No  Lubidcant  Lemolin  LubriCEmt 


6;U.0:2 

0.7  -0.8 

0.7  -1.0 

0.10  -  O.lU 

6:3. 2:2 

0.8  -l.G 

1.0 

0.08  -  0.10 

6:2.h:?. 

0.8 

1.0 

0.08 

6:1. 6:2 

0.8 

1.0 

0.06  .r  0.12 
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V  DISCUSSIOH  OF  EESULTS 


This  investigation  has  demonstrated  that  the  mathematical  solutions  of 
Avitzur^®  can  he  utilized  for  mathematicsLL  csLlibration  of  ring  geometries  with 
bulge  or  bsirrel  formation  for  use  in  friction  studies.  The  excellent  correla¬ 
tion  obtained  between  mathematica3.  calibrations  and  experimental  test  results 
verifies  the  validity  of  the  mathematical  calibration.  Concurrent  investiga¬ 
tions^**  recently  completed,  have  furnished  additional  verification  of  Avitzixr's 
solution  which  also  provide  a  method  for  calculating  both  constant  and  varying 
friction  factors ,  m,  during  ring  compression  tests .  Both  load  nriu  dimensional 
measurements  made  during  the  test  furnish  valid  stress-strain  curves  for  the 
ring  materials. 

By  comparison  with  the  two  other  published  calibration  methods^"®  for  ring 
testing  with  bulge  formation,  the  method  described  in  this  paper  furnishes 
ceLLeulated  results  which  correlate  most  closely  with  experimental  test  results. 
Liu’s® calibration  curves  have  been  developed  without  experimental  verification 
and  do  not  agree  with  the  experimental  results  in  this  study.  The  other  solu¬ 
tion^  fails  to  show  good  agreement  between  calciilated  and  experimented  results. 
The  authors  of  that  paper  attribute  the  disagreement  to  the  f«ct  that  their 
theoreticed  velocity  field  does  not  accurately  express  the  metal  flow  conditions 
in  the  ring  material  during  compression.  In  contrast,  the  method  developed  in 
this  investigation  has  been  verified  by  experimental  tests.  In  addition  visual 
observation  of  grid  distortion  resultant  from  metal  flow  during  compression 
tests  at  the  Air  Force  Materials  Laboratory  indicate  the  velocity  field  se¬ 
lected  by  Avitzur^®  accurately  describes  the  metal  flow  during  testing. 

The  experimental  results  (from  Refei'ence  1  and  2)  used  ..,r  this  invesu.*-'-- 
tion  demonstrate  the  difficulty  in  maintaining  constant  friction  conditions  dur¬ 
ing  compression  even  voider  closely  controlled  laboratory  tests.  This  is  clearly 
illustrated  in  Figure  3.  The  scatter  in  correlation  of  m  values  from  disks  and 
rings ,  as  well  as  the  discrepancy  between  m  values  for  disks  and  rings  lubri¬ 
cated  with  graphite  and  lanolin,  shown  in  Figure  5»  may  be  attributed  to  failure 
to  maintain  experimentally  constant  friction  conditions  during  tests.  This 
indicated  a  need  for  taking  experimental  observations  directly  and  C8u.'ulating 
interface  friction  values.  De  Pierre  and  Gurney^®  have  recently  conqjleted 
another  investigation  to  provide  a  method  fon  calculating  both  constant  and 
varying  interface  friction  factor®  (m)  during  ring  compression  tests  with  bulge 
formation . 
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VI  COHCmSIOH 

This  vork  has  shown  that  the  aathcBatical  solution  of  Avitaur^®  for  bulge 
in  coopression  of  hollow  disks  can  he  used  for  accurate  cEdihration  of  ring 
specimens  of  variotis  geometries  for  constant  values  of  interface  friction 
factor. 
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CALCULATION  OF  THE  RELATION  BETWEEN  AD 
AND  THE  AI«)UNT  OF  DEFORMATION 

Consider  a  cross-section  of  a  ring  subjected  to  compression  in  an  axial 
direction  (Figure  l).  There  exists  a  cylindrical  boundary  of  neutral  radii’s 
Rn  such  that  on  compression »  the  bulk  of  the  material  outside  Rj^  will  be  dis¬ 
placed  outward  and  that  the  bulk  of  the  material  inside  Rjj  will  be  displaced 
inward.  As  a  result  two  possible  shapes  of  the  ring  may  occur.  When  Rn  ®1» 
both  the  inner  and  outer  free  sm’faces  become  axially  convex  as  shown  in  Figure 
la:  when  Bi  <  Rq  <  Bq,  the  d.nner  free  surface  becomes  axially  concave  and  the 
free  outer  surface  becomes  axially  convex  as  shown  in  Figure  lb. 

The  change  in  the  shape  of  the  ring  upon  deformation  can  be  calculated  if 
the  following  assumptions  are  made; 

1.  The  volume  of  the  ring  material  remains  constant. 

2.  The  shape  of  the  free  cylindriceLl  surfaces  of  the  ring  in  an  axial 
cross-section,  are  parabolic  as  shown  in  Figure  1. 

3.  The  effects  of  the  bulges  developed  in  the  ring  as  a  result  of  com¬ 
pression  are  sufficiently  small  and  do  not  influence  the  rate  of  for¬ 
mation  of  a  new  bulge. 

For  an  incremental  deformation  from  Tq  to  T^^,  remains  constant. 

From  the  above  considerations,  the  following  steps  were  utilised  to  prepare 
a  computer  program  for  calibration  of  ring  test  specimens  for  friction  studies 
on  the  basis  of  constant  interface  friction  factor: 

Given  T^,  A^^,  A^^,  B^^^  H,  C  and  D,  (height,  contact  and  equatorial 

inside  radii  respectively  of  starting  ring  geometry)  for  each  m  value  (0.000 
to  1.000)  in  steps  of  0.010  perform  the  following  operations; 

(1)  Calculate  R  =  B 

OO  00 

(2)  C^cula-teB^^  (a)  \o  ’  ^0 

(b) 

(3)  Calculate  R 


(a)  Calculate  A  = 

(b)  Calculate  B  =  - =r^ 

2  ll’ 


3 

C. 

1  +-^3 

.  +  3j 

/R  \h 

fe). 

(1*)  Cedculate  > 

o 

(a)  If  A  >  B 
/  v2  r 


b  =  6  + 
o 


j  1 r '  fe4T 

1  * 3 r  VW  L  'w.' 


E-W^“fe)i 


(b)  A  <  B 


■  (f“l*  mb-M 

b  a  6  +  ^  _ Also/ _ L _ \..9°i 

°o  R  /T 

oo'  !.  _ 


/R  \ 

/r,  \1 ) 

M 

1  n  R^) 

\  no/ 

_ \  oo/  J. 

jrru^  ( 1  /“ooV  fi .  /M 1 .  /«„ot  fi  -  ^h^^l 

^  \V.IV\Vo)[  VwJv^L  '^J  ' 


(5)  Calculate  percmt  deformation  AT 


■m 


(6)  Calculate  ^rcent  change  in  B^,  AB^ 


3  4^1 
1  L  c  J 


(8)  Galciilate  (Volume  outside  ueutral  radius) 

''o  '  CC  -  “no  ^  1;!^  [3^00-  *  ““oo]  [“oo  -  “oo  ] 
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(9)  Calculate  (Volume  lusiae  neutral  raSius) 


(a)  Wheu  R  >  E 
no  ^‘10 


''l  '  ”  [“no  '  -  “lO  ']  ’^o  *  [3“l0  *  “*lo][“lO-  “loj 


vb)  When  R  <  r 
no  "lO 


"l  ”  pio  '  -  “no  ']  ^0*^^ 


[^“lo  "■““i)][Aio  -  “lo] 


(lO)  Print  out  information 

*0  -  00  ^00  '^00  ^10  ^ _  ^ 


no  o 


AT-  ABi  AA^  V  V, 


(11)  Repeat  vith  new  vp''ues  ofTA  n  a  jn  -e 

,  „  o’  ^00’  ®oo»  ^0  \q  o^>tained  as 

follows  until  AAj^  =  100  or  AT  =  8O: 
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New  Vsdues 


(a)  -  .OlH  when  >  .ItH  =  .9T5  when  <, 


<”>  =0l  =  ®00 


b  f-,  /R  \  1  r  -  bo/2']  rT  -  T^"]  p 

+  o  1  no  1  e  o  1  R, 

1*  \R  /  T  -  bo/2  T 

'oo'J  L?--e  JL  ° 


(c) 


(d)  from  equation  for  constant 


B  +  k  A  -  B  +  8  A  ^  -  5R  ^  =0 

ol  j  ol  ol  ^  ol  no 


(e)  A^^  from  equation  for  constant 


(1)  When  R  ^  >  R-n 
no  10 


^11^*  i  ''ll  ®11  a  ^ 

IX  ^  IX  XX  2  HT^ 


5R  2  * 

-  no  =0 
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DEFORMATION,  % 

Figure  3.  Comperison  of  Maximum  and  Minimum  Theoretical  and  Experimental 
Curves  for  Standard  Ring,  6:3:2. 
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interfoce  Friction  Factor. 


Figure  k.  Interface  Friction  Factor  of  Several  Metals  for  Various  Lubrication 
Conditions  at  20°C  (Calculated  from  Experimental  Data  Using  the 
Analyses  of  Avitzur  Reference  3) . 


OEGRE/ISE 


DEFORM/ITION  (%) 

Figure  5.  Comparison  of  Experimental  and  Theoretics^.  Curves  for  Ma'cerials 
and  Lubrication  of  Figure  U. 
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m  (DISK) 


1.0 


o 


(calculated  from  Avitzur  theory,  Ref  10) 

•  MILD  STEEL  (ROUGH  DIES  NO  LUB) 

▼  COPPER  (NO  LUB) 

O  MILD  STEEL  (SMOOTH  DIE.S  NO 
□  ALUMINUM  (NO  LUB) 

^  BRASS  (CRAPHITE  LUB) 

■  «  BRASS  (LANOLIN  LUB) 


Figure  6.  Comparison  of  m  Values  Obtained  from  Disk  (Figure  1+)  and  Ring 
(Figure  5)  Compression  Tests  Car.-  .ed  Out  under  Identical  Test 
Conditions . 


2k 


i 


' 


■  €00*  C,  No  Lukricont 

*  20*  C,  No  Lubricant 

•  20*  C,  Lonolin  Lubricant 


f  t 

!’ 

! 


E 

S  20 


■  /  /_ 

with  halft  ^ 

— ■  «  1.1 

^  >  M  kligt 


■  ^•.14 


Ooformation  (%) 

Figure  7*  Coa^jarison  of  Experimental  and  Theoretical  Curves  for  Interface 
Friction  Factors  for  Aluminum  Rings,  6tU:2, 
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Figure  8.  Comparison  of  Experimented  and  Theoretical  Curves  for  Interface 
Friction  Factors  for  Aluminum  Rings,  6:3. 2:2. 
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Orcrease  in  Intarnoi  Diamettr  of  Ring  (%) 


